We use hydrocode modeling to investigate dynamic models for the collapse of the Chicxulub impact crater. Our aim is to integrate the results from numerical simulations with kinematic models derived from seismic reflection and wide-angle velocity data to further our understanding of the formation of large impact craters. In our simulations, we model the collapse of a 100-km diameter, bowlshaped cavity formed in comprehensively fractured crustal material. To facilitate wholesale collapse, we require that the strength of the target be significantly weakened. In the present model, we achieve this using acoustic fluidization, where strong vibrations produced by the expanding shock wave cause extreme pressure fluctuations in the target. At times and positions where the overburden pressure is sufficiently counteracted, the frictional resistance is reduced, enabling the rock debris to flow. Our simulations produce a collapsed crater that contains most of the features that we observe in the seismic data at Chicxulub. In particular, we observe a topographic peak ring, formed as material that is originally part of the central uplift collapses outward and is thrust over the inwardly collapsing transient crater rim. This model for peak-ring generation has not been previously demonstrated by numerical simulations and predicts that the peak ring is composed of deeply derived material and that the stratigraphy within the peak ring is overturned.
INTRODUCTION
A complete understanding of complex crater collapse has long been an enigmatic issue in planetary science. The lack of a definitive model has been due in no small part to the scarcity of large impact craters on the Earth and to the near impossibility of probing the subsurface on other planets. This situation changed following the discovery of the buried Chicxulub impact structure in Yucatan, Mexico. The Chicxulub Seismic Experiment obtained data that clearly image the third dimension of a large complex crater and provide new insight into the kinematics of complex crater collapse (Morgan et al. 1997, Morgan and . It is with this motivation that we have begun an integrated investigation of complex crater collapse, combining numerical modeling with interpretation of the seismic data. Our aim is to compare observations gleaned from these two complementary studies in order to improve our understanding of the collapse of large impact craters.
One of the most profound inferences from the seismic data regards the nature and formation of the peak ring (Brittan et al. 1999) . Peak rings, like the one observed at Chicxulub, are defined as concentric rings of rugged hills, peaks, and massifs that protrude from an otherwise flat crater floor, inside the crater rim (Grieve et al. 1981) . On extraterrestrial bodies, where erosion rates are extremely slow, countless examples of peak-ring craters exist. On Earth, however, there are very few unequivocal examples; those craters thought to originally possess peak-ring structures have all been eroded to varying degrees, and at geological outcrop, exhibit apparently contradictory evidence for the nature of peak-ring material. Some possess a narrow central uplift (Vredefort and Manicouagan, for example), while others show a wider annular ring of uplifted basement (Popigai, Ries). Consequently, there is no single consensual model for the formation of peak rings; however, there is general agreement that the collapse of the rebounding central uplift plays an important role (Melosh 1989 , Ivanov and Kostuchenko 1997 , Melosh and Ivanov 1999 , O'Keefe and Ahrens 1999 , Morgan et al. 2000 .
Seismic imaging of the Chicxulub impact structure provides a new source of information for understanding peak rings. The peak ring at Chicxulub, although probably modified to some extent, is observable as a topographic feature, making its interpretation more significant than that of many eroded peak rings found on the surface of the Earth. Furthermore, a new model for the formation of peak rings has been inferred from the seismic reflection data below the peak ring (Brittan et al. 1999) . The seismic data appear to show downward and inward radial collapse of the transient cavity in the outer crater, and upward and outward collapse within the central structurally uplifted region. This suggests that peak rings are formed by the collision or interference of these two flow regimes. Testing this dynamical model for peak-ring formation is one of the key objectives for our hydrocode modeling work. In this paper, we present the results of hydrocode calculations simulating the collapse of a Chicxulub scale impact crater and the formation of peak rings, using the extensively modified SALE hydrocode (Amsden et al. 1980 , Melosh et al. 1992 ).
APPROACH

Crater Collapse
The abrupt deceleration of a large meteorite as it collides with a planetary surface transfers an immense amount of kinetic energy from the impacting body to the target. As a consequence, the target and impactor are rapidly compressed and heated. Between the compressed and uncompressed material, a shock wave is created, which propagates away from the point of impact. In the wake of the expanding shock wave, the target is comprehensively fractured, shock-heated, shaken, and set in motion, ultimately leading to the excavation of a cavity many times larger than the impactor itself. However, the processes operating during the halting of the impactor, and the subsequent excavation of the cavity, do not have the most profound influence on the final crater structure. Instead, the final morphology of the crater is believed to be primarily the result of the collapse of a geometrically simple, bowl-shaped cavity produced during excavation (Melosh and Ivanov 1999) .
It has been our approach, therefore, to model only the collapse stage of the Chicxulub impact event in detail. We approximate the stages of the impact prior to collapse using the Z-model of the excavation flow (Maxwell 1977 , Croft 1981 , with a Z-value of 3. Collapse begins at approximately the moment of maximum penetration-when the expanding cavity has reached its maximum depth. We assume that at this point the cavity formed during excavation is roughly parabolic in cross section, with a depth-to-diameter ratio of 1 : 3 (Melosh 1989, p. 78) . We adopt the popular convention in terming the cavity at this point the transient crater. Figure 1a illustrates the form of the transient crater from a typical starting model in our simulations. The transient crater diameter for our simulations of Chicxulub is taken to be 100 km, after estimates from slump-block reconstruction by Morgan et al. (1997) .
At the onset of our collapse simulations, the transient overpressure due to the impact-generated shock wave is assumed to be entirely dissipated and the target material stationary. Thus, our numerical model essentially considers the competition between the gravity-driven collapse of the unstable transient crater and the inherent material strength properties of the postshock target.
Target Strength
Our collapse calculations have been performed using the SALE hydrocode (Amsden et al. 1980) , which was originally developed to study inviscid fluid flow. The version used in our simulations, however, has been extensively modified (see, for example, Melosh et al. 1992 to model both viscoelastic and purely viscous rheologies. We use a purely Lagrangian method for describing the material flow; that is, the reference frame of the calculation moves with the flow of material. This technique allows an accurate representation of the free surface, which may become extremely contorted. However, Lagrangian calculations do have the disadvantage of breaking down when material deformation becomes extreme. The yield strength Y of the material modeled by the hydrocode controls the elastic stress limit. At stresses above this limit the material rheology is fluid-like; that is, it flows with a viscosity, η. Below the yield strength, the material is treated as elastic; no permanent strain is allowed. In essence, therefore, our simulations consider the target rheology to be that of a Bingham substance, parameterized by the yield strength of the target.
In our modeling, the target material is assumed to have been entirely fractured during the passage of the shock wave. Thus, our model assumes that the damaged target region surrounding the Chicxulub impact structure extends beyond the limit of our simulation mesh dimensions (100 km depth, 100 km radial distance), as predicted by Nolan et al. (1996) . Conceptually, the modeled target is composed of completely disconnected fragments with no cohesive forces between them; that is, they offer no resistance to extensional strain. However, the target in our simulations is not strengthless: frictional forces between the fragments provide resistance to deformation. Experimental measurements of the frictional behavior of faulted rock materials demonstrate an almost constant ratio of shear strength to confining pressure (Stesky et al. 1974, for example) . Thus, in our simulations, the yield strength of the target is assumed to obey a dry friction law (Y = µp, where µ is a constant termed the coefficient of internal friction and p is pressure) modified to approach a constant plastic limit at depth. The analytical expression used is a modified version of a simple shear strength model for intact rock (Lundborg 1968) ; the effect of complete fragmentation is included by removing the cohesion term, giving
where Y m is the von Mises plastic limit, which is taken to be 2 GPa. This expression is a good, smooth approximation of experimental data for the frictional strength of rock debris within the depth range of interest for our simulations (Lundborg 1968) . In our modeling, the target is assumed to be a uniform halfspace; we use the elastic and Tillotson equation-of-state properties of brecciated crustal material and Eq. (1) to determine the yield strength. We do not consider any compositional changes at the boundary between crust and mantle because the variations in material properties between these lithologies are not significant enough to affect our results. Further, we do not consider the contrasting properties of the sedimentary rocks comprising the upper 3 km of the crust to be important, for the same reason. Figure 1b (left side) illustrates the region of the starting model where the deviatoric stresses that drive deformation exceed the target's strength as defined by Eq. (1). Clearly, only material around the crater wall and near the rim is unstable. Crater collapse controlled by our standard strength model, therefore, would not involve any uplift of material from beneath the crater floor, precluding the formation of a central peak or ring. In other words, wholesale collapse of the crater during our simulations requires significant weakening of the target material beneath the crater floor. This result is in agreement with those of many previous workers (Dent 1973 , Melosh 1977 , McKinnon 1978 , Melosh 1989 .
Lowering the strength of a granular medium requires a reduction in the frictional resistance to slippage between grains. This can be achieved by reducing the coefficient of friction, relieving the overburden pressure, or increasing pore pressure. However, given the pervasive nature of fracturing during an impact, it seems implausible that any vestige of pore pressure would remain in the shocked target. Considerable attention has been paid to the first two mechanisms for reducing frictional slippage. The theories for reducing the coefficient of friction between fragments rely on thermal changes induced by the impact process, including shock heating, frictional melting in regions of faulting and strain localization, and thermal softening (O'Keefe and Ahrens 1993 Ahrens , 1999 . Our simulations do not model the thermal profile of the excavated crater, thus melt production is not considered in our work. Hydrocode modeling work by Pierazzo et al. (1998) suggests that for a Chicxulub-scale impact, the volume of melt produced, but not ejected, is on the order of 2 × 10 4 km 3 . This would represent a layer approximately 2 km thick lining the interior of the transient crater. As a fraction of the total volume of fluidized rock necessary for wholesale collapse, however, this melt volume is small. The volume of fluidized rock that collapses to form the final crater at Chicxulub must be at least as large as the volume of the transient crater. Assuming that the transient crater is a paraboloid of revolution with a radius of 50 km and a depth of 33 km, this gives a volume of ∼1.3 × 10 5 km 3 . Thus, the melt volume accounts for only 15% of the total volume of fluidized rock required.
The weakening model we use to facilitate collapse is a purely mechanical one: acoustic fluidization (Melosh 1979 ). The premise of this model is that transient pressures in high-amplitude, high-frequency, random acoustic waves generated by the expanding shock front temporarily relieve the overburden pressure, thus reducing frictional resistance between fragments within the granular medium. Thus, the omission of thermal strength weakening effects in our numerical modeling should not influence the collapse simulations.
Acoustic Fluidization
The acoustic fluidization model for temporary target-wea kening during an impact relies on violent but transient pressure fluctuations-seismic energy-which, for a portion of an oscillation, counteract the overburden pressure. As alluded to above, a fraction of the energy transferred from the impactor to the target is released as seismic energy. Despite representing only a small portion of the initial kinetic energy of the impactor, the amount of seismic energy released during a large impact is extremely significant. For a Chicxulub-scale event, the seismic energy released would register magnitude 10 on the Richter scale-more violent than any recorded earthquake. Of course, the majority of this seismic energy does not remain in the proximity of the impact; the seismic, or acoustic, energy is released during the expansion of the shock wave, which soon propagates far away from the point of impact. However, as the shock wave expands away from the point of impact, heterogeneities in the elastic moduli of the target generate a random acoustic energy field in its wake, with an amplitude significant enough to comfortably exceed the overburden pressure within one crater diameter from the crater center (Gaffney and Melosh 1982) .
Numerical simulations of the early stages of a hypervelocity impact event indicate that the peak shock pressure generated by passage of the shock wave has at least two distinct dependencies on distance from the point of impact O'Keefe 1977, Pierazzo et al. 1997) . The impactor and a region of the target proximal to the impact point (within about one impactor radius) experience approximately the same high shock pressure, p max . This isobaric core shall be referred to here as the "contact zone." At radial distances greater than one impactor radius a i , the pressure decays according to some power law
where r is the radial distance from the point of impact. The exponent n has been found by detailed computer simulation to be between 1.5 and 4, depending on impact velocity, impact angle, and position within the target (Ahrens and O'Keefe 1977 , Pierazzo et al. 1997 , Pierazzo and Melosh 2000 . The pressure before (subscript 0) and after the passage of a shock wave are related by the second Hugoniot equation, first derived by P. H. Hugoniot in his 1887 thesis:
In this equation, which represents the conservation of momentum across the shock, u b is the particle velocity behind the shock (the unshocked material is assumed to be at rest), and U is the shock velocity; ρ 0 is the uncompressed density. To solve this equation, a relationship between the shock velocity and the particle velocity is required. For many materials this relationship is linear;
where c and S are empirically defined constants. S is on the order of 1 for most geological materials; c is equivalent to the bulk sound speed. Thus, in the strong-shock limit, where the shock velocity is much greater than the bulk sound speed of the target (U c), the shock velocity is on the order of the particle velocity behind the shock (U ∼ u b ).
Using the planar impact approximation (Gault and Heitowit 1963) , it can be shown that in the special case where the impactor and target are composed of the same material, the particle velocity behind the shock wave is half the impact velocity, u b = v i /2. Thus, the peak pressure experienced within the contact zone, p max , is on the order of ρv 2 i /4. Substituting parameters appropriate for the Chicxulub impact (v i ∼ 20 km s −1 , ρ = 2700 kg m −3 ) gives a peak shock pressure of 270 GPa, which is in good agreement with sophisticated numerical simulation of shock wave propagation during the Chicxulub impact event (Pierazzo et al. 1998) .
In our modeling, we assume that the initial amplitude of the pressure vibration p vib associated with the acoustic pressure field that is generated in the wake of the shock wave is a fraction of the peak shock pressure ( p vib = f p shock , where f < 1). We approximate the peak shock pressure p shock at a distance r from the impact point using Eq. (2), with n = 3. The distance r refers to the radial distance from the impact point prior to excavation. Thus, in our calculations we migrate the peak shock pressure to the appropriate position beneath the transient crater using the Z-model approximation of the excavation flow.
The temporal behavior of impact-generated seismic energy is currently unknown. A recent analytical study by Melosh (1996) provides a rationale for estimating the rate at which acoustic energy in a mass of rock debris is lost to its surroundings, dissipated by viscous heating, and regenerated. However, there is little constraint on the parameters required to implement the derived equations. As a starting point, therefore, we assume that the pressure amplitude decays exponentially with time. The decay time is characterized by the decay constant, τ v .
The theory of acoustic fluidization predicts that at times and positions in the target where the overburden pressure is sufficiently countercated, the frictional resistance to flow is greatly reduced. We implement this principle using the blockmodel approximation of acoustic fluidization (Ivanov and Kostuchenko 1997, Melosh and Ivanov 1999) . This model provides a yield criterion dependent on the presence of vibrational oscillations,
which replaces the dry friction component in Eq.
(1). Thus, the greater the amplitude of the pressure vibrations, the lower the frictional resistance to deformation. A physical limit is placed on Y such that if p vib > p then Y = 0, to ensure that the yield stress cannot be negative. This reflects the condition that tensile stresses cannot be supported by a granular medium. Acoustic fluidization as described by Eq. (5), therefore, provides a mechanism for lowering the Bingham yield strength that controls the rheologic behavior of the target. While stresses around the transient crater exceed this yield value, the code treats the material as a Newtonian fluid with a viscosity η, facilitating permanent deformation. The simulated collapse is arrested when the driving stresses fall below the yield strength. Figure 1b on the strength of the target. The shaded region represents the initial extent of the acoustically fluidized region in our simulations.
RESULTS
Our collapse simulations are parameterized by the velocity v i and radius a i of the impactor, the initial amplitude of the vibrational pressure as a fraction of the peak shock pressure f , the rate of decay of the acoustic vibrations (characterized by the decay time τ v ), and the effective viscosity of the fluidized debris η. However, the dimension of the transient crater constrains the relationship between the impactor parameters of size and velocity. Based on the pi-scaling relations of Schmidt and Housen (1987) , we assume that the 100-km diameter transient crater was formed by the impact of a 15-km diameter meteorite of comparable density to the target density (2.68 × 10 3 kg m −3 ), traveling at 20 km s −1 . Figure 2 illustrates results from a Fig. 2 as white with alternate cell vertices and velocity vectors superposed) decays in size during the calculation. Table I summarizes the constants and defines the parameter space investigated. The first three parameters in Table I effectively control the initial dimensions of the fluidized region surrounding the transient crater. Using the impactor parameters defined in Table I , the fluidized region extends 1-2 transient crater radii away from the crater center at the start of the collapse, depending on the assumed value of f . A larger value for f implies a larger fluidized region. The larger the initial fluidized region, the more significant the collapse and, consequently, the shallower the final crater.
The rate at which the acoustic vibrations decay dictates the duration of the collapse in our simulations and hence has the strongest influence on the morphology of the final simulated crater. The rate of collapse is limited by inertia: the transient crater cannot collapse faster than its free-fall time under gravity. For a transient crater depth of ∼35 km, this corresponds to a minimum collapse time of ∼80 s. For decay times comparable to the free-fall time, the collapse is arrested by frame (b) of Fig. 2 , producing a final morphology containing a central peak or mound. Such central peaks are observed as topographic features in many craters on terrestrial bodies in the Solar System. For simulations with a longer decay time (τ v > 200), the uplifted central mound overshoots the original target surface and becomes unstable itself (Fig. 2c) . During the subsequent collapse of this central uplift, an internal ring is generated, analogous to the peak ring observed at Chicxulub. The internal ring is formed as material from the collapsing central uplift interacts with the inwardly collapsing transient crater rim (see Fig. 2e ).
The effective viscosity of the fluidized region influences the dynamics of the collapse; both the maximum height of the central uplift (Fig. 2c) and the velocity of the collapse increase with decreasing viscosity. However, for viscosities lower than 10 9 Pa s, the differences in final surface morphology are insignificant. 10 9 Pa s was chosen as the upper limit for the effective viscosity of the fluidized debris. For viscosities much in excess of this limit, damping of the collapsing cavity is so abrupt that overshoot of the central uplift is prevented. The block model relates the effective viscosity of the fluidized debris, η, to the size of the oscillating blocks, h, and the period of block oscillation, T (Melosh and Ivanov 1999) :
Assuming a period of block-oscillation of a few seconds, the viscosities used in the simulations shown in Figs. 2 and 3 correspond to a block size of ∼250-400 m. Offshore drilling at Chicxulub in late 2004 will test this hypothesis. In addition to the suite of simulations mentioned above, we conducted a set of numerical simulations with different initial conditions. In this second suite of simulations we imposed an initial velocity field on the starting mesh, allowing the rebound of the transient crater floor to begin prior to the collapse of the transient crater rim. The initial kinetic energy assigned to the target in these simulations with dynamic starting conditions was a few percent of the impactor energy and directed along streamlines predicted by the Z-model of the excavation flow. Such behavior has been previously observed in numerical simulations of large crater excavation (for example, O'Keefe and Ahrens 1993). Figure 3 depicts five frames from a typical simulation from the second suite of calculations. In these simulations, zero time represents the moment when the transient crater rim has reached its maximum lateral extent. Instead of being static at this point, the floor of the crater has already begun to rebound. As with the simulations using static starting conditions, the central region of the crater collapses upwards (Fig. 3b) , and then downwards and outwards (Figs. 3c and 3d) . However, in the simulations with dynamic starting conditions, the peak ring is formed as this material overrides the still-collapsing transient crater rim (see inset in Fig. 3e) . As a consequence, the free surface becomes extremely contorted during the latter stages of the collapse simulation, which prevents the calculation from running to completion. Thus, the final frame in Fig. 3 does not depict the final simulated crater morphology. Continuation of the collapse would likely lead to a shallower crater, with a peak ring that is less pronounced and larger in diameter. Nevertheless, the dynamic model for the generation of peak rings is evident.
The final simulated crater structure derived from the second suite of simulations is very similar to that derived from the first suite of simulations below the uppermost 15 km of the model. Close to the surface, however, there are some significant differences between the two simulation suites. The simulations with dynamic starting conditions produce a central uplift with a more pronounced concave upward top. Furthermore, allowing for the completion of the central-uplift collapse, the final crater structure in the second suite of simulations would likely be shallower, particularly around the annular trough. In both suites,
FIG.
3. An example of results derived from a hydrocode simulation of crater collapse at Chicxulub with dynamic starting conditions. In this simulation, zero time (a) represents the moment when the transient crater rim has reached its maximum lateral extent. At this time, the floor of the crater has already begun to rebound. The simulation illustrated uses f = 0.25, η = 5 × 10 8 Pa s, τ v = 250 s. Also shown are velocity vectors for alternate cell vertices within the fluidized region (white). All velocities are to the same scale, shown in (e). The inset in (e) illustrates that the outwardly collapsing central uplift is still thrusting outward over the crater rim material at this stage of the calculation. Note that (e) does not depict the final simulated crater form; extreme contortion of the free surface prevents the simulation from running to completion.
quantitative predictions of the amount of structural uplift beneath the simulated crater floor vary with different model parameters; however, the shapes of the original-depth contours remain qualitatively similar to those illustrated in Figs. 2e and 3e. Figure 4 summarizes the observations to date from the Chicxulub seismic data. The modeled final crater in Fig. 2e contains most of the features that we observe at Chicxulub. The transient crater has collapsed to form a broad, shallow final crater. We observe a topographic peak ring. Slumped shallow target material that lay originally outside the transient crater rim now resides beneath the outer part of the peak ring. Furthermore, the model shows a prominent central uplift with a concave upward top; this thins with increasing depth. Although the thermal history of the collapsed central uplift is not modeled in our simulations, we would expect upper regions of the central uplift to be melted, in addition to being heavily brecciated. Allogenic impact breccias and melt rocks will lie within the impact basin and within the thrust zone between the collapsed central uplift and the collapsed transient crater rim.
COMPARISON WITH OBSERVATIONS
The dynamics of the formation of the peak ring during the simulations appear to be consistent with the kinematic explanation derived from seismic data beneath the peak ring (Brittan et al. 1999) . The inferences made by Brittan et al. (1999) are that the transient crater rim was still collapsing inwards at the time when the outwardly collapsing central uplift was thrust over it, and that this overthrust produced the weak shallow-dipping reflectors beneath the peak ring that separate the slumped crater rim wall material from the peak-ring material. During our simulations with static starting conditions, the inward collapse of the transient crater rim is arrested well before the central uplift material reaches the same point as it collapses downwards and outwards. As a consequence, there is no overthrusting of the peak-ring material; the material below the peak ring is merely overturned. No hydraulic jump is present in the fluid flow and, consequently, no sharp discontinuity between layers is present. The simulations with dynamic starting conditions, however, produce peak rings via a slightly different dynamical model. In these simulations, overthrusting does occur, a hydraulic jump is present in the fluid flow field, and a sharp discontinuity between layers is formed beneath the edge of the collapsing central uplift (see Fig. 3e ). Thus, if the interpretations of Brittan et al. (1999) are correct, the simulations with the dynamic starting conditions appear to produce the more accurate mode of peak-ring formation. This specific mechanism for peak-ring generation has not been demonstrated by previous numerical modeling of crater collapse and peak-ring formation.
Although it is widely accepted that centrally uplifted rocks collapse to form peak rings, progress towards a full understanding of peak-ring formation has been hindered by some apparently contradictory field observations. Pristine terrestrial impact craters larger than about 24 km in diameter should possess a to- pographic peak ring. However, most large craters on land have been eroded and appear to show two distinct outcrop patterns. Some contain a narrow central uplift, for example, Vredefort crater in South Africa and Manicouagan crater in Canada. Others possess a broad ring of uplifted basement rocks, for example, Popigai crater in Siberia and Ries crater in Germany. These contrasting outcrop patterns led, in part, to quite different structural models being proposed for the Chicxulub crater. In a model by Pilkington et al. (1994) , the central uplift is 50 km in diameter, whereas the model proposed by Sharpton et al. (1996) contains a broad ring of uplifted basement rocks, ∼100 km in diameter.
Our simulation results may explain how such contrasting outcrop patterns occur. In the final simulated crater model there is significant uplift in the crater center, and horizontal slices through the central uplift mimic observation at eroded terrestrial complex craters. Removing the top 3 km of material from the center of the final simulated crater shown in Fig. 2e would reveal an annular ring of uplifted material. Removing a further 5 km, however, would uncover a narrow central uplift. Figure 5 illustrates the subsurface structure of a generic peak-ring crater, as inferred from our numerical simulations of the Chicxulub crater collapse. The solid lines separate originally flat stratigraphic layers that have been deformed by both the excavation and collapse processes. The dashed lines labeled A-D represent possible progressive stages in the erosion of a peak-ring crater. If the crater were eroded to a level between lines A and B, a broad ring of stratigraphically uplifted rocks would be revealed. This has been observed at Popigai crater, where the depth to the crater floor, the parautochthonous basement, has been mapped from current surface expression, drill holes, and gravity data (Masaitis et al. 1999, Visnevsky and Montanari 1999) . Deeper erosion, down to between lines B and C, would reveal a narrower central uplift surrounded by overturned younger stratigraphy. This is similar to the sequence observed at the Vredefort impact structure in South Africa, where the top ∼6 km of the central uplift, the Vredefort Dome, is thought to have been eroded (Grieve and Therriault 2000) . McCarthy et al. (1990) showed that the Vredefort Dome was surrounded by a synform-this is also predicted by our simulation. The central uplift at the Manicouagan crater is narrow and surrounded by an annular melt sheet. This outcrop pattern can be obtained by erosion below line C, if a significant fraction of the collapsing central uplift is melted during crater formation. For a particular impact energy, the degree of melting depends on the target chemistry, impactor composition, and the velocity and angle of impact (Pierazzo and Melosh 2000) ; melting and melt distribution is not modeled in our simulations.
LIMITATIONS
The block model used in this set of computations does not implement the full acoustic fluidization model of Melosh (1979 Melosh ( , 1996 in the sense that the amplitude of the acoustic vibrations does not depend on the flow of the fluidized material. In the full model (which attempts to unify crater collapse, large landslides, and seismic faulting), an important aspect of the process is that energy dissipated by shear in the flowing debris itself generates acoustic energy. Thus, in static regions, the vibrations soon dissipate by friction, and the effective viscosity in those regions rapidly rises. In flowing regions, the regeneration of acoustic energy permits flow to continue until the driving stresses are relieved. Although it would be desirable to implement such a model as part of the crater collapse computations, we have so far been unable to insert the extremely nonlinear equations successfully into a working hydrocode, although our efforts in that direction continue. In the meantime, the block model captures many of the major features of acoustic fluidization, and for this reason we apply it to the crater collapse models presented here. The major change that a full treatment of the acoustic fluidization model might make would be to prolong flow in the actively deforming central peak and peak-ring region and to allow more complete relaxation of the original crater cavity.
It should be emphasized that our calculations use a material weakening mechanism that relies exclusively on transient pressure oscillations within the target. Results using either mechanical or thermal weakening effects are not likely to differ significantly due to the associated way that the effects of both are implemented with numerical algorithms. Indeed, similar modeling results have been achieved with a thermally influenced weakening mechanism using a modified version of the code used in our simulations (Ivanov 2000) and another modeling package (O'Keefe and Ahrens 1999). Discerning which, if either, of the two mechanisms is more important is beyond the scope of current numerical techniques and is currently left to theoretical consideration. Critics of the thermal weakening model suggest that for craters smaller than 200 km on Earth, the volume of the target heated sufficiently is too small to be important (Melosh 1989, Melosh and Ivanov 1999) . However, despite some experimental support for acoustic fluidization (Gaffney and Melosh 1982) , it remains to be proven whether seismic energy generated during a large impact event can remain strong enough and last for the timescale required to facilitate collapse.
CONCLUSIONS
Our simulations show that for appropriate impact parameters, temporary fluidization of the target allows the formation of internal peak and ring structures analogous to those observed in terrestrial and extraterrestrial craters. In the simulations, crater morphology is most sensitive to the decay rate of the fluidized region. For decay times on the order of a few minutes, simulations of the Chicxulub crater collapse produce an internal ring analogous to the peak ring.
Analysis of the hydrocode simulation dynamics support the model for peak-ring formation inferred from the Chicxulub seismic data. Peak-ring formation involves the interaction of two flow regimes: the inwardly collapsing crater rim and the outwardly collapsing central uplift. Simulations which begin with rebound of the central uplift prior to the commencement of rim collapse show a slightly different dynamic formation mechanism than those simulations which begin with a static transient crater. In the simulations with dynamic starting conditions, peak-ring formation involves collision between the two flow regimes. To this extent, the simulations with dynamic starting conditions appear to be more consistent with the dynamic model for peak-ring formation inferred from the seismic data.
The subsurface structure predicted by the hydrocode simulations is qualitatively the same for a broad range of model parameters. This structure shows many similarities with subsurface structure inferred from the seismic data at Chicxulub. Furthermore, horizontal slices through the simulated crater structure appear to reconcile contrasting evidence for the nature of peakring material from terrestrial outcrop patterns.
Peak-ring formation involves significant lateral, as well as vertical, movement of material near the target surface. As a consequence, deeply derived material is overturned to form the peak ring. Further seismic experiments and deep drilling both on-and offshore are planned at Chicxulub to test and refine this model of peak-ring composition and formation.
